Abstract-This paper proposes a novel wavelength division multiplexer (WDM) demultiplexer design for dense WDM networks. The proposed demultiplexer consists of rectangular shaped periodic frequency filters connected in series. These rectangular filters can be formed with an apodized onedimensional (1-D) photonic crystal structure on a ridged semiconductor waveguide. A design example is given for such filters. In such designs, we can use a moderate refractive index contrast, in discrete groups of many layers, to achieve the same stop-band width that we would get with a large contrast. Apart from being compact in size, to demultiplex an arbitrary wavelength from N wavelengths, only log 2 N switches and filter stages are required. This type of filter has a large potential to be used in integrated photonic implementation and packet switched dense WDM applications.
I. INTRODUCTION
O PTICAL fibers have 25 THz available bandwidth in each of the three low loss operation windows [1] . In order to fully utilize the available bandwidth in fiber channels and at the same time overcome the difficulties of ultrafast electronics and fiber dispersion problems, dense wavelength division multiplexed (DWDM) systems time-shared among a large number of access nodes might be the solution for future high-bandwidth tera-bit multimedia and packet switched optical networks.
The ability to select an arbitrary wavelength in a DWDM network in a fraction of the packet duration is essential in realizing high-speed packet switched networks [2] . A lot of work on tunable wavelength filters has been done in the past. Most of the tunable wavelength filters are based on variable cavity length Fabry-Perot (FP) filter principles [3] - [5] . They are made tunable either by changing the physical distance between FP mirrors either mechanically or thermally, which is slow or using the electro-optic effect to change the refractive index between the mirrors which suffers from a small tuning range.
Wavelength demultiplexing can also be achieved using grating demultiplexers. This has been achieved using ruled gratings in a Stimax configuration [6] or integrated silicon waveguides using a Dragone configuration [7] . WDM filters are also made of cascaded narrow band microcavity optical filters. In all theses structures, the multiplexed signal is demultiplexed into individual wavelengths first and the desired wavelength channel is selected with an array of switches [8] . The complexity increases linearly as the number of wavelengths . Since switches are active components, such a linear scaling is undesirable in a DWDM system where is large.
In Section II, we describe the principle of a wavelength demultiplexer using the bisection method to achieve scaling complexity for wavelengths. A proposed photonic crystal waveguide structure to achieve the filter function is described in Section III along with the simulation results. Section IV describes a few possible settings in which the proposed waveguide can be incorporated for switching purposes. Section V concludes this paper.
II. PRINCIPLE
To achieve the desired scaling, we can arrange a series of filters in a way that half of the spectral energy is filtered out when the input spectrum is passed through each successive filter stage. Each filter stage has a rectangular shaped periodic frequency transfer function. The first filter stage has the smallest period, or free spectral range. The filter of the next stage has twice the periodicity of the previous stage. So the first stage filters out half of the spectrum. The second stage filters out another half of the spectrum that is left from the output of the first stage, etc. Optical filters are usually interferometric devices which generate periodic complementary output at the same time. An example is a Mach-Zehnder interferometer (MZI). Fig. 1(a) shows the spectrum of an eight-wavelength WDM signal. Fig. 1(b) shows the filter function of each stage in a three-stage cascaded eight-wavelength demultiplexer. The solid lines and dashed lines represent the direct and complementary response of each filter stage. Each filter stage which produces complementary spectral outputs is followed by a 2 2 optical switch. The control signals at the 2 2 optical switches select either the direct or the complementary output of each filter stage. By properly combining the direct or complementary transfer function of each stage, we are able to select any one wavelength in the signal spectrum shown in Fig. 1(a) . more favorable. To select one wavelength out of 1000, only ten switches are required. The next section discusses the design of filters which have the desired rectangular shaped periodic frequency transfer functions. These filters are based on a one-dimensional (1-D) photonic crystal structure.
III. PHOTONIC CRYSTAL FILTER DESIGN

A. Simple 1-D Photonic Crystal
To produce repeated passbands and stopbands in the frequency domain, a 1-D photonic crystal structure is used [9] . A simple 1-D photonic crystal consists of alternate layers of dielectric materials with refractive indexes and (Fig. 2 ). It is well-known that such periodic structures will produce periodic stopbands and passbands in the frequency domain [10] . The transition sharpness of the band edges is determined by the number of alternate layers used in the structure. The more layers used, the faster is the roll-off at the band edge.
The period of the structure determines the repetition frequency of the band structure and is given by where is the speed of light in vacuum. The center frequencies of the forbidden bands occur at [10] ( 1) where The bandgap and the first band center is related by [10] (2)
The key to logarithmic scaling is that the stopband and passband have equal bandwidth. This condition is satisfied when . Substituting into (2), we obtain . This actually corresponds to a 50% power reflection at each dielectric interface. However, such a high refractive index contrast is impractical for real physical systems.
B. Photonic Crystals with Effective Bragg Mirrors as Reflectors
As we have seen before, equal width transmission band and forbidden band are obtained with periodic 50% power reflectors separated by distances determined by the filter periodicity in the frequency domain.
Since it is difficult to achieve the high reflectivity required with a single reflecting surface, as proved in the last section, we propose to use Bragg mirrors consisting of layers of quarter-wave dielectric materials as the reflectors in our rectangular shaped frequency filter. Fig. 3 shows the top view of such an arrangement. The refractive index and the number of layers in a Bragg mirror are chosen such that each effective mirror has a reflectivity of about 50% in the optical frequency range of interest. The best erbium doped fiber amplifier (EDFA) in today's technology covers a 80 nm bandwidth around the 1.55 m communication wavelength [11] . This is approximately a 5% window around the 1.55 m center wavelength. In order for the mirror to be effective over such a wavelength window, the number of layers has to be limited to achieve a low . On the other hand, it is easier to achieve 50% reflectivity at the center wavelength with lower refractive index contrast when more layers are used.
In our design, we used a refractive index contrast of % and eleven periods of quarter-wavelength layers. The transmission and reflection of such a periodic Bragg mirror are calculated using the transfer matrix method [10] and are plotted in Fig. 4 . The input optical signal has a normal incidence on the mirror. The reflectivity is about 50% in the frequency range of interest.
Our rectangular shaped frequency transfer filter is formed by arranging these 50% effective mirrors in series as in Fig. 3 . Again, the sharpness of the band edge is determined by the number of mirrors used. The separation between the mirrors is given by (3) where is the desired periodicity in the frequency domain. By using 19 mirrors, calculated with the transfer matrix method [10] , we obtained the transmission and reflection spectra shown in Fig. 5 . The filter response is simulated over a 40-nm region around the 1.55 m center wavelength. Four frequency band periods are included in this simulation. Again, we assumed normal incidence of the input optical signal to the filter. The passband and stopband have equal bandwidth and the stopband has almost complete attenuation of the input signal. Therefore, we can achieve the same stop-band width that we would get with a large index contrast, by using a moderate in discrete groups of many layers.
C. Apodization of Bragg Mirrors
It is seen in the above design that the filter response in the passband is far from desired. The fringes in the passband correspond to the reflections at the two end mirrors which have abrupt termination to the surroundings. In order to "smooth" out the passband, we apodized the mirrors so that the reflectivity gradually decreases as we move from the center mirror toward the two end mirrors. This is done by decreasing the number of periods used in the Bragg mirrors using a Gaussian function rounded to the nearest integer according to the following formula: (4) where is the number of layers used in the th mirror and determines the width of the Gaussian function. The total number of mirrors is assumed to be an odd number for simplicity. We used and in one of our designs. Using this design, the outermost mirrors will only have one layer. The simulation result is plotted in Fig. 6 . It can be seen that the passband ripple is very small. Fig. 7 shows the perspective view of a possible physical implementation of the apodized rectangular-shaped filter on a ridged waveguide [12] - [15] made out of common semiconductor materials. The low index of refraction dielectric could be formed, for example, by etching grooves on the ridged waveguide. Taking Si as the waveguide substrate, each quarter-wave layer is about 0.11 m. In our simulated design, the frequency domain period is THz ( 10 nm) which corresponds to a mirror separation of 34.9 m. Using the data that we have collected, the total length of the filter example in this design is about 654 m. For the coarse stage, a larger number of mirrors needs to be used to get sharper edges. But the separation between the mirrors will decrease quickly as the frequency periodicity increases. Compared to the fiber grating technology, the overall size of the proposed structure is very small and has the potential for integrated photonic implementations.
D. Physical Implementation of Rectangular Shaped Frequency Filters
IV. WAVELENGTH SWITCHING USING LOGARITHMIC FILTER CHAINS
In this section, we discuss how to connect the rectangular shaped periodic filters to achieve logarithmic scaling complexities for WDM applications.
The first and most straightforward way is to connect pairs of complementary transmission filters with 2 2 switches in series as shown in Fig. 8 . As the frequency period in the filter transfer function is small compared to the center frequency, a small change in the periodicity would cause a slip of a half period in the frequency range of interest without noticeable change in the period. This results in a complementary filter function in the frequency range of interest. Fig. 9 shows an example of two filters whose transfer functions are complementary. Each filter has eight periods over a 40-nm wide bandwidth. The mirror separation distances in the two Fig. 10 . Obtaining the direct and complementary spectral outputs from the transmitted and reflected filter outputs using an optical circulator. The second way to obtain the complementary spectral outputs is by using the transmitted and reflected spectrum of the same rectangular shaped filter. The direct spectrum is obtained from the transmitted output. The reflected complementary spectrum can be separated from the input signal by using an optical circulator as shown in Fig. 10 .
The third way to obtain the direct and complementary spectra can be achieved by using a Mach-Zehnder configuration with identical filters incorporated in the two arms (Fig. 11) . The direct and complementary spectra will propagate in opposite directions. This method has been used with fiber gratings for optical WDM add-drop [16] .
As pointed out earlier, to pluck out one out of wavelengths, only stages and switches are required. Electrooptic 2 2 switches with giga-Hertz switching speeds are available commercially. A fast WDM demultiplexer with complexity and the capability to filter out any one wavelength at nanosecond speed is therefore possible. Such devices should be good candidates for future dense WDM packet switched optical networks which will have more flexibility and make better sharing and utilization of the enormous capacity provided by the optical fiber.
V. CONCLUSION
We have proposed a WDM demultiplexer with complexity. The key to achieve the scaling complexity is a series of rectangular shaped periodic frequency filters capable of generating complementary spectral outputs. The direct or complementary spectral output from each filter output is selected by a 2 2 optical switch as the input to the next stage which has twice the spectral periodicity as the current stage. A design example of the rectangular-shaped periodic filter in the form of a 1-D photonic crystal is given in this paper. The photonic crystal consists of layered dielectric Bragg mirrors of 50% power reflectivity in the wavelength range of interest. The separation between the mirrors determines the periodicity of the filter in the frequency domain. The number of mirrors determines the sharpness of the band edge. A compact ridged waveguide implementation is proposed for such filters. This kind of filters has very good potential for future integrated photonic implementation.
Apart from its favorable scalability in future dense WDM systems with a large number of wavelengths, very fast electrooptic 2 2 switches can be incorporated in these demultiplexers, which will be valuable for packet switched optical data networks where the switching delay is important for high performance.
